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. ABSTRACT d
\’ -‘
., 4
v Two color time of flight mass spectroscopy is employed to study the van
der Waals (vdW) clusters of henzene(Ng”:(n(s), benzpne(cog)g (r€7), and W
benzene(CO)S {n=1,2) created in a supersonic molecular jet. Potential energy - k

calculations of cluster geometries, normal coordinate analysis of vdW vibra-

(]
0y
tional modes, and calculations of the internal rotational transitions are :$

employed for the assignment of the benzeno(solvent)1fcluster spectra in the 03 ‘z

and Gé regions of the henzene 182u !

Alg transition. “The respective vibronic .
and rotational selection rules for these clusters are determined based on the W
appropriate point groups and molecnlar symmetry groups of the clusters. Good !
agreement between the calculated and experimental spectra is obtained with
o~ te e T . X5
regard to the vdW vibrational and internal rotational modes./;%e solvent X
molecules rotate nearly freely with respect to benzene about the benzene- gt
solvent bond axis in the benzene(solvent)1 clusters In the excited state a
small ca. 20 cm~! barrier to rotation is encountere.l. Studies of larger
clusters (n>2) reveal a broad red shifted single origin in the Gé spectra. A Ry
linearly increasing cluster energy shift is observed as a function of cluster
size. The cluster energy shifts are not saturated by one solvent molecule on W
each side of the aromatic ring; several solvent molecules effectively interact
with the solute n electronic cloud. Both homogeneous and inhomogeneous I

nucleation take place for the clusters studied depending on the ratio of the X]

solvent-solvent binding energy to the cluster binding energy. (A

/ ’m}» / ;::
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I. INTRODUCTION.

Supersonic molecular jet spectroscopy has made possible studies of a
wide variety of weakly bound molecular van der Waals (vdW) clusters vdw
clustvrs only slightly perturbh the properties of their individual constituents
and are characterized by relatively low binding energies, large intermolecular
equilibrium distances. and low f{requency intermolecular vibrational vdW modes

A number of cluster systems., including, for example, vdW complexes of
aromatic molecules (e.g.. benzene and toluene) wi*" hydrocarbon solvents.1:2
and clusters of N-heterocyclic solutes {e.g., pyrazine and pyrimidine) with
both alkane3'4 and hydrogen bonding solvents (e.g., water and ammonia),4 have
been studied in our laboratory. Cluster geometries, energetics and energy
dynamics have been explored in these systems yielding insight into nucleation
processes and solvation geometries in both gas and condensed phase systems.

Our recent studies of the vdW cluster torsional mode structure in benzene-

5 -deuteromethane, and -carbon tetrafluoridu6 clusters reveal

methane,
that these clusters are rigid with regard to internal rotation of the
cluster constituents. The internal torsional motion is found to be
oscillatory and constrained by an orientationally dependent
intermolecular potential with a barrier height of the order of the
cluster binding energy. Given the geometries of the systems studied,

the rigidity of the clusters can be understood by considering the nature

of the solvent rotational dynamics; a low barrier one-dimensional

rotation of the solvent molecule around the three-fold solute-solvent
bond axis is not possible due to the orientation of the solvent molecule
rotational axes.

In this paper we report spectroscopic results for the henzene(Nz)r
benzene(CO)l. and benzene(COz)l clusters: these systems exhibit almost free

one-dimensional internal rotation hetween the cluster solute and solvent.

.y - LY . . . WY WA . K 1 Y2
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Benzene is chosen as a chromophore molecule since the formation of small 4
) 4

clusters with benzene is relatively well understood. The high symmetry of ﬁ
b benzene makes the interpretation of cluster geometries and theoretical calcu-

2

-,

lations of rotational and vibrational modes relatively straightforward. The

ot

s

experimental spectroscopic results (two color time of flight mass spectroscopy

(TOFMS)) are interpreted with the aid of calculational modeling of selected

cluster characteristics, such as geometries, binding energies, and vdWw vibra-
tional and rotational energy level structures. Cluster geometry and favorable N

orientation of the solvent rotational axis permit one-dimensional internal

Aol

rotational motion for these clusters. The analysis of the internal rotational

- - -

energy levels of the vdW clusters studied bears some resemblance to that

carried out for substituent groups in non-rigid aromatic molecules such as

7 8 .

toluenes’ and xylenes.

PR

The sccond part of this paper is devoted to spectroscopic studies of

-

relatively large benzene(Nz)n (n<8), benzene(CO)n ‘n=1,2) and benzene(cog)n t

{n<7) clusters. Studies of the formation (nucleation) of large clusters are

[ K AT R

important since these clusters are potential model systems for condensed
phases and because of an intense interest in nucleation and growth of aerosol

particles. We have previously determinedl‘2 that small (n=1,2) vdW clusters

TRy Sag e g

of benzene and toluene with hydrocarbon solvents (methane, ethane, propane)
are formed via solute collisions with solvent dimers, trimers, and larger

aggregates. Both homogeneous and inhomogeneous nucleation take place for

B e Vi e

these systems depending on the cluster binding energy compared to the solvent- s
solvent binding energy. )
Larger vdW clusters with n>3 have not previously been extensively

studied spectroscopically due to the difficulties in obtaining their resolved

optical spectra. Conseqguently, little spectroscopic information concerning
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these clusters is available. On the other hand, other techniques, such as e

1 .

10 are typically used

¢ .
e.g. electron diffraction and infrared Spectroscopyl

2

for studies of much larger aggregates (n>10°) but do not give specific infor- )

mation about the cluster energetics and geometries. ﬂa

IT. EXPERIMENTAL PROCEDURES. ¥
A. Spectroscopic Techniques. ,:.i

The Sy = S, ahsorption spectra of the clusters are obtained using a

pulsed supersonic molecular fet cxpansion and two color TOFMS. The details of
the experimental apparatus and techniques employed have been described ear- e

1.2 two synchronized Nd 73 'vAG pumped dye lasers are used to probe both Sy

lier.
the origin and the 6; regions of the benzene lB2u - lAlg transition in the
cluster. Exciton LDS 698 dye is used for the pump laser with the output K]
frequency doubled and mixed with the 1.061 um fundamental of the Nd*3./vAG
laser. Either Exciton LDS 698 (doubled and mixed) ¢ F 548 (doubled) dyes are
used for the ionization laser. The energy of the i.unization laser is typical- Y
ly lowered to the ionization threshold to limit cluster fragmentatjon upon gg
ionization. The spectra are recorded using a boxcar averager, transient 0
digitizer and computer.
Typically, 3-5% mixtures of the solvent gases with helium as a carrier &-
gas are passed through a liquid benzene trap at room temperature and subse- "
quently expanded into the apparatus vacuum chamber by using # pulsed nozzle.
A nozzle backing pressure of 100 psi is typically used and the chamber “N

pressure is maintained below 4x10°8 torr.

B. Calculations of Cluster Geometries.

X,
22

e

The cluster ground state geometries and binding energies are

<

calculated for small clusters (n=1,2) via an intermolecular potential energy

..--o.
- -

minimization procedure employing the methods previously described. 12 A

-
-

.‘cv..

3 !

)
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Lennard-Jones (L-J; 6-12-1) potential is used with the atom-atom interaction

parameters previously reported for similar calculations  The potential form

and cvalculational algorithm yield consistent resualts with regard ta the nuaber

of cluster configuratiovns cbeerved experimentally, their respective binding

energies. and qualitative geometries (symmetries).

1T1T1. THEORETICAL ANALYSIS OF CLUSTER VIBRATIONAL AND INTERNAIL. ROTATIONAL
MOTION.

A. Normal Coordinate Analysis of vdW Vibrations and Vibronic
Transitions.

The normal coordinate analysis (NCA) of the cluster vdWw vibrations
is performed by using the same methods as described in our previaus publica-
tion® on vdW cluster vibionic structure. The GF method of Wilson!3 is
employed in which the cluster constituent force fields are generated by using
the central force approximation including out-of-plane motion terms. The
intramolecular force constants chosen correspond to :eneral functional group

stretches and bends. 13

The intermolecular force co: stants are generaled as
second derivatives of the intermolecular L-J potential! discussed above. .The
GF matrix is numerically diagonalized and the 3N-6 (3N-5 in the present
instance) nonzero eigenvector normal modes and eigenvalue energies are deter-
mined in the usual fashion. The reader is referred to our previous publica-
tion® for details of the theoretical procedures employed.

The eigenvector normal modes found based on the calculated geometries
of the rigid clusters (point groups C,, and Cg) are . the vdW stretch (s,)

which entails the motion of the seolvent molecule in the [lirection perpendic-

ardd b)) with

ular to the henzene molecular plane, 2. the vdW bends (hy y

translational motions parallel to the benzene ring (x or y directions), and 2
the vdW torsions (ty and t7) which transform as the rotations of the cluster
constituents about the y and z axes, respectively. These normal modes are

~

4
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£
O
. o
. )
;
[
o
shown if Fig. 1 for the <onse of the rigid henzene(N,), cluster.  The !t ?:
[N ‘. hd
‘1~
tarsional motion will no! bhe present if the solvent molecule can undergo .'
. . . . . ‘
nearly free rotation about the cluster z axis. perpendicular fto its hond axis h:
*

. L . . . . . M)
instead additiona! oraiional Ievels will be present in the eigenstates 0nf "
|'l

course. the O, righl inster point group 1s no longer applicable foapr +the -

[

description of the rota! . nal levels and an appropriate molecular symmetiy A
group must be used Wee assume that all the low-lving intermolecular ejigen- }‘
4

states other than L, e near !y harmonijce, '
V.q

The appropriate selection vuales for vibronic transitions in the rigid N

r‘;

- v . . . N : . ‘

cluster are determined by analyzing qualitatively transition moment matrix E
W

. , . . . )

elements using the adiabatic approximation. In the Coy symmetry of the i
. . . : . W
anzene(.\Q)1 and benzene{CQ,}, rigid clusters, the vdW vibronic transitinn o,
2 2 4

: Y . . .
selection rules for the OL region in the absence of the Herzberg-Teller (HT) b:
W

coupling are as follows: v =0, z1. =2, . for t" . totally symmetric vdW -
stretch and Av = 0, =2, =1, ... for the nontotally . mmetric vdW bends and 2
. 1 . . w
torsions. In the 6, region the fundamental of the nontotally symmetric 4
0

torsion (t,) is additionally allowed. This torsion is vibronically induced in

Wl

. : . . . t

the 08 region if HT coupling is active. For the Cy symmetry of the Q.
o
. I3 s » s . ‘
benzene(CO)y rigid cluster. the vibronic selection rules for the Og region are \»
v
slightly different: Av =0, #1, *2. ... for the vdW stretch S,. bend b\.. and i
' ‘ %
torsion ty. and Av = 0, £2, =1, ... for the bend by and torsion t . In Oy ¥
7 i

(

symmetry all the vdW modes are capable of vibronic coupling and. hence., Av = @
(O
(43

0, =1, =2, ... if HT r~oupling is present. Av =0, =1, *2, ... for all the vdW N
';(
modes even in the absence of HT coupling for this latter cluster in the Gé :q
Al

region. !
¥

)

B. Internal Rotational Analysis of the t, Torsional Mode. }
ot
We assume in the present analysis that the solvent molecule can "
.

. . . . . . . . t

rotate in one-dimension about its axis of largest moment of inertia. i.e.. the i
"y
l_t\

1
5 s

: .£

¢

» g‘(
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axis perpendicular to the ¥-N (C-0) molecular bond and passing through the
solvent and solute molecular center of mass. The rotational axes for N2 anid
C0, in the cluster correspond to the solute-solvent bond (cluster z) ixis
(benzene six-fold symmetty ixis) and the CO rotational axis s found to form o
ca. 157 angle with the benzene six-fold axis.  The appropriate molorular

A

symmetry groupt’ must Le teed on the determination of the rotational mode
struacture and seltection miles.

Analysis of the internal rotational transitions in these clusters is
performed by using the same approach as described in our previous puhlication8
for internal rotations in non-vivid aromatic molecules. The energy levels and
wavefunctions for the mot? of 1 ane-dimensional hindered rotor are obtained
by solving the Schrouinger equation

2

[-B — S Vi) ) W (o) = Ep g (d), (1)
¢

in which the potential form four the benzene cluster - considored is approxi-

mated by

V(a) =

1o

Vg (1 - cos 6¢). {

o o~

. . 2 \ . .
In eq. {1} B is the rotational constant (h/8z cI), I is the moment of inertia,

and ¢ is the torsional angle for the N,, CO, and CO rotors. The solution of

the Schrodinger equation for a free rotor (V(¢)=0) is of the form

b (8) = —e @TiM® (3)

E. = m B. (4)

The eigenvalues and eigenvectors of the hindered rigid rotor Hamiltonian eq.

(1) are solved for within o basis set of 21 {ree rotor eigenfunctions. The

- g i Ey LRy ; DY OO W W WY Sr N P WY 'Y = VIR Y W U :
L0 OGO S D T e O G e R T A e L Lt T N b e T e i C PR P



LI TON. A

".’t.".t.‘S- !« !

L ASLA

-

g P g 07,8 n"&' S Fa” 02" $a¥ S $o¥ Wav il'b.ﬂ“ (] ¢ §a? G0 al Qav Wa¥ BgY. 6p* v gat oV O 0’ o fat dat fabogar .

parameter Vg is adjusted to it the energy levels of the hindered rotor to rhe
experimental data.
The energy levels ¢$or ootation of the solvent wilh respect to the

solute are labeled aceording 0 the m quanium numbers of

a one-dimension.g!
rotor. The symmetry of ''oe “towilsainn s given by the appropriate mole uf o
symmetry group:ls GZ; o b hvnrnne(NE)l and hpnznne(ﬁog)l clustoers tned
6?2 for the benzene(FU)! sltuster {acecording to the notation in ref  16).  The
symmetry allowed rotational fransitions within the 03 and R; bands are deter-
mined via the nonvanishing integral rule taking into account the correlation
between the molecular symmetry group of benzene and the appropriate molecular
symmetry groups of the - lusters  The results of this analysis for different
clusters are given in Table | The g =

(al haling 31) and bzu - h’_)'-l (b

nllg

w

~- by) transitions are not allowed at the origin but are allowed at ﬁé. The

P’g -- 92g (92 = e,). ey v Py (91 *‘<*1L a1g - eog (n1 - eg)and ey -

bsy ey == bs) triansitions are allowed in both spec :nl regions. This finding
is important for the interpretation and assignments uf the specira. particu-
larly in dche Og region. The dependence of the energy of each internal rnta-
tional level on the parameter Vg is illustrated for the case of the
benzene(N,)y cluster in Fig. 2. Similar dependences are obtained for the
benzpne(CO)l and benzene((‘,og)l clusters, In the latier case the spacings
between individual rotational levels are relatively smaller due to a larger
moment of inertia of the CO,.

Some of the allowed transitions may not be observed due to nuclear spin
selection rules. Moreover, the different nuclear spin states associated with

various rotational levels result in hot bands which cannot be removed from the

spectra by normal cooling techniques. For the benzene(N,,)1 and benzene(CO,),

"o

clusters (624 moleculiar symmetry group) only the "g" internal rotational

.
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levels dare populated with the [ollowing relative statistical weights: Jlg

. . - . . ] vt gt f N N c - dis
ey ¢ h2u : e2g 1 :0:0: 2. g’ and "u” type levels ave not dis
tinguished in the 6?2 molecular symmetry group and all the different rota
tional symmetry levels of benzene(C0) may be populated. The relative Statis

tical weights are. in this Tatter case. ay, ~ ey @ by oey =

-
o]
—
V]

V. BENZENE (SOLVEN'I‘)l CLUSTERS SPECTRA, CALCULATIONS AND ASSIGNMENTS .

A similar appro.ach te spectral analysis consisting of calculating the
internal rotational and vibrational transitions is employed for all three
benzene (solvent); clusters studied. Therefore, only the assignments for the
hen?nno(Ng)l spectra are discussed in detail; other cluster spectra are
analyzed based on the same arguments

A. Benzene(Na)].

The results of calculations of the groun state geometry and vdW
vibrations of the anzenP(Nz)l cluster are shown in Fig. 1. The calculations
vield a single cluster geometry with the solvent molecule located in the plane
parallel to benzene at a distance 3.3 A above the center of the benzene ring.
The ralculated ground state binding energy is -501 em™ 1. No other local
potential minima are found in the calculations. The eigenvectors of the
vibrational vdW modes and their corresponding energies calculated from the NCA
ire shown in Fig. 1. Rotating the No molecule by an angle 397 around the 7

s (N2 rotational axis) results in an increase of the calculated binding
energy by only ca. 1 em™ !, This indicates no barrier to rotation in the
ground state and suggests that the N, molecule can rotate in the cluster with
little barrier to rotation.

The spectra of the benzene(N,); cluster in the 03 and Gé regions of the

henzene 182” - ]A1 transition are shown in Fig. 3. Such spectra are typi

g
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cally understood® based on allowed origins for the 03 and Gé regions and a se!
of assigned vdW normal modes built on these origins. The origin in the
cluster Og spectrum (if allowed) would typically exhibit a shift in energy
from the benzene 03 transition similar to that observed in the Gi spectrum of
the cluster. For the beuzens{i,i, ¢ {uster this shift equals -6 em L we are
net able to understand these spectta and find appropriate assignments based on
this now standard approach. however The 08 spectrum,. at least, must bLe
analyzed in the light of the proper group theory and the vdW rotation’
vibration energy level set discussed above

If the N, molecule in the henzene(Nz)l cluster were freely rotating in
both So and Sq. Oalg - Oﬂlg' ley

- ley,. 202g - 20 and 492g - 4e

u 2g’ 2g tz
rotational transitions (replacing the t, vdW mode) would coincide in energy
and give only one peak at the origin. The first two of these transitio.s are
not allowed in the 08 region due either to vibronic v nuclear spin selection
rules {see Table I). If the barrier to rotation ch.onges upon S1 - SO excita-

tion, the energies of the 292g - 292g and 4ezg - 4e25 transitions would be
different; if the magnitude of the change were small, a doublet would be
produced in the spectrum. Thus an intense doublet in the spectrum most prob-
ably corresponds to the allowed 292g - 292g and 492g - 4e2g transitions.

A reasonable fit to the Og spectrum is obtained by assuming that in the
cluster ground state the N, molecule can freely rotate around the benzene-N,
bond and in the excited state the rotation is slightly hindered by a ca. 20
em 1 potential barrier. The final calculated spectrum shown in Fig. 3a is a
superposition of both one-dimensiona! rotor and vdW vibrational transitions:

due to the rotational degree of freedom. the t_, torsion is not taken intu

Z

account in the vibrational analysis. Specific assignments of the calculated

and experimental spectra are given in Table [I.  As can be seen in Fig. 3a and
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Tanle IT the agreement between the experimental and calculated spectrum is

very good. The fit is considerably worsened if the rotational barrvier in
rither state is changed more than i0 cm 1

)

T GA spectrum is edsier to analyze since in this case the origin

transition is allowed fcompare Table 1) The strongest feature in the spe:

3
L <

trum in Fig. 3b, shifted by -6 om with respect to the benzene 03 transition.

S

is unambiguonsly ascribed tu the cluster Gg origin. A single origin is obser -

ved in agreement with the single calvulated cluster geometry shown in Fig., [,
The spectral features observed to the red of the origin are assigned as
hotbands since their intensity changes considerably with the carrier gas
backing pressure but not with ionization energy. Several relatively weak
peaks observed to the blue of the cluster GA origin are vdW vibrational and
rotational bands: their assignments are given in Table II. The 6% spectrum
is more than an order of magnitude more i{ntense tha. the 08 spectrum, with
relatively intense vdW vibrations built on the allowaed 63 origin. The rota-
tional transitions which are seen in the Og spectrum are almost entirely

15 en ! to

hidden under the Gé origin spectrum. Moreover, in the region ca.
the blue of the cluster origin (around the benzene Gé transition), where some
of the rotational transitions are calculated to appear, the mass detector is
still saturated by the ionized benzene molecule signal. This effect elimin-
ates observation of any weak features and is visualized by a dip in the
spectrum. Further to the blue only weak rotational transitions may be present
along with vdW vibrations as indicated in the 6; spectrum in Fig. 3b.
Calculations of the rotational barrier, rotational energy levels, and
vidW vibrations confirm that the benzene(Nz)1 cluster 08 spectrum must be
assigned as a superposition of both one-dimensional rotor and vdW vibr.tiona!l

transitions. This approach gives the hest and most satisfactory assignment of

10
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the spectral features in agreement with the selection rules given in Table I.

In order to reproduce more accurately the most intense features in the spec-

.
-1 .

trum a small. ca. 20 m harrier o rotation in the excited electronic state

is assumed.

The ¢luster ene.gy shifts 4o compared to transitions in benzene are 38

1

- -1 - . .
cm and -6 em ° for the and the ﬂi transitions, respectively. This

unexpected difference in shifts must arise from loucal changes of polarizabil -
ity upon excitation ot the benzene and can only partially be explained by the

change of the benzene 6' vibra!ion in the cluster. At present we do not have

a satisfactory explanation for these apparently different cluster shifts.
B. Benzene(coz)l.

The 08 and Gé spectra of the benzene(CO,)y cluster are shown in

-1 1

Fig. 4. The cluster energy shifts are ~1 cm and 4 cm™ °, for the 08 and 6é

transitions, respectively. One cluster configurati-:n, almost identical to the

nitrogen case (shown in Fig. 1), is calculated for ‘mnzene(Coz)1 with the
binding energy -868 em” L

The arguments given above for the assignment of benzene(Nz)l cluster
are valid in the present case, since both cluster symmetries and selection
rules are identical. The specific assignments of both spectra in Fig. 4 are

given in Table ITI. The CO, barrier for rotation in the excited state is

1

taken to be 16 cm ° and good fit to the 08 experimental spectrum is obtained

as shown in Fig. 4a. The relatively smaller energies of particular rotational
transitions of the benzene(COz)1 cluster compared to the benzene(Nz)i cluster
1)

arise because the moment of inertia for €O, (B = 1.317 cm~ is larger than

for N,.
The 6; spectrum in Fig. 1b shows a strong origin pcak with severial weak

transitions to the blue.

These weak transitions can again be assigned (Table
4




I11) as interunal rotations and vdw vibrations. The origin corresponds to a Y
single calculated cluster geometry. f
C. Benzene(CO),. [yt

A single cluster geometry shown in Fig 5 is calculated for the i

b The €O molecule i« ot

benzene(C0); cluster with the bhinding energy -612 cm
located 2.21 3 above the benzene ring forming a 15° angle with the henzene

molecular plane in such a way that the oxygen lies closer to benzene than daes e

the carbon atom. The rigid cluster symmetry is Cq instead of the C,

¢ Symmetry "o
b

found for N, and C02 clusters. The CO rotational axis is no longer parallel [}
= '

to the benzene six-fold axis, the axes Forming a 15° angle with respect to one
another. Therefore, if an internal rotation is present, the CO rotational 1
axis must be undergoing a smal!l processional motion in order to avoid a high y
potential barrier to rotation. The appropriate selection rules for the rota-

3

tional transitions are based on the Gyo molecular s mmetry group (see Table

I).

XD d " -3
ST g 1o

Assignment of the benzene(CO); spectra is similar to the assignment of

- 3
-,
AL,

the benzene(N2)1 spectra, except for the above mentioned selection rules. The

2
-
]

oL

calculated and experimental spectra are compared in Fig. 6, with their speci-

-
-

Oor

o e -

fic assignments given in Table IV. The benzene(CO)1 spectra are similar to

n

> A

-

the analognus benzene(N2)1 spectra since both these clusters are of identical

)
2™

masses, have very similar geometries, and Ny and CO have almost identical

-

>

rotational constants (B = 1.9153 cm'1 for CO and 1.917 em” ! for Nz). Conse-

-,
S
oA

-

quently, both clusters exhibit similar vdW vibrations and have similar ener-
gies fur rotational transitions; however, fewer and broader bands are observed '&
in the benzene(C0); spectrum in Fig. 6a compared to the spectrum of benzene(N,),
in Fig. 3a, due to an increased number of allowed transitions for benzene(CO),

clusters (Table I). The overlap of transitions is also responsible for the o

12
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N the relativ R O ) . .
change of the relative intensities in the Oo benzene(C0), spectrum as compared gt

to the 08 spectra of the analogous clusters of Ny and C0,. .

The Sé spectrum in Fig. 6b is well assigned as a superposiltion of "

1.
rotational and vdW vibrational mode transitions (Table IV). The spectrum is fh

dominated by 4 strong origin and vdW vibrations, although weak rotational L4

transitions can also be Jdistinguished. ,ﬁ

V. BENZENE (SOLVENT) , CLUSTERS. el
The analysis of the benzene(sulvpnt)z ciuster spectra differs from the
detailed approach taken for the benzene(solvent)l cluster spectra presented
above since the benzene(snlvent)g spectra are less well resolved and thus do p\¢
not contain sdfficient experimental information about possible vibrations
and.'or rotations. The analysis of the benzene(solvent)z cluster spectra is '%f
based primarily on calculations of cluster geometries and assignment rules
determined in our previous studies1™® of other vdw lusters. fg&
¢
A. Benzene(N,),.
Two ground state minimum energy cluster geometries are calculated )
for the benzene(N2)2 cluster (Fig. 7). The isotropic configuration with MR K]
binding energy of -1007 cm™! features a nitrogen molecule on either side of
the aromatic ring. In the anisotropic geometry both nitrogen molecules are ety
attached to one side of the benzene ring with the binding energy -962 cem 1, 7
No other local minima are found in the potential energy calculations.
The benzene(N,), cluster spectra are not detected in the 09 region.
This symmetry induced transition (forbidden in benzene) is certainly very weak
for the isotropic cluster geometry, since the six-fold symmetry of benzene may
be preserved in the cluster in some averaged sense, especially considering the

rotations of the N, molecules. Why the anisotropic cluster spectrum is not

observed is difficult to say. The 65 spectra taken at two different ioniza-

13 %

2 2o : N T R . RV I R N R ; . : AT ~ AN
14 4'»‘-‘“0."_'0‘"fﬁ‘l’w“’t."r“|'\"n.‘!l a Aty s’!'n."o.l l.\\.a. ‘o;l'u‘l'ml a0 . '-.l‘uh’g‘.".‘.l‘o,l’.!l')!’u.t'- (W% |!t'r.0'a. . “!."I."A."h.'n."h“b. 'q!l‘c i'ml‘:.i‘...‘..l‘c.“;. '.!“.-'l‘.




‘r""."h"""' AR .‘Q“ ‘l..-.‘-..i"' " r (NAK NN 'u.v' #, A8 48 4% 452 8% §%2°8a° r o, At vaboval tah o g ot i vy .'

tion energies are shown in Fig. 8. One relatively broad peak shifted -16 em ! ph
to the red of benzene transition dominates both spectra Another peak at 9 )
em D visible as a shoulder on the main feature increases in intensity at lower v
ionization enerpies  This feature does not correspond to features in other AN
mass channels. The two feataies. one al -16 ¢m ! and the other at -9 cm 1 e

. . . ey
are thus assiyned to tw. Jdifferent cluster geometries. The cluster whose 65 4%

transition is at -16 «m ' .apparently has a higher ionization energy. ﬁv

1.2 show that the energy shift A

Benzene vdW clusters with other solvents
for the isotropic cluster is larger than the energy shift for the analogous
anisotropic ciuster. This is due to a better overlap of the solvent molecules ﬁ%
with the aromatic 7 cloud of benzene in the isotropic cluster, resulting in
larger polarizability changes upon cluster excitation. Typically, the aniso- (L
tropic benzvne(sulvent)z cluster exhibits a shift roughly equal to the one
found for the henzene(solvent)l cluster. Given thi- assumption, the more
shifted peak in the spectrum is assigned to the symmetrical (isotropic)
cluster and the less shifted peak to the anisotropi:. cluster. Comparing the ol
relative intensities of both features in the spectrum one concludes that the
concentration of the benzene(N2)2 isotropic cluster in the beam is greater
than of the anisotropic cluster by roughly a factor of 2 or 3. ﬁﬁ

B. Benzene(coa)z.

The benzene(002}2 cluster spectra are detected in both the Og and #
Gé regions and are shown in Fig. 9. The origin, shifted in both spectra -22
em ! to the red of the benzene transition (at O cm_l), is ascribed to opne
cluster geometry. Clearly, another cluster geometry gives rise to a peak at 0

1 Si

-2 cm™ " in the 08 spectrum in Fig. 9a. This feature (geometry) is not seen in O

,
the 6, spectrum due to the saturation of the mass detector by jonized benzene

precisely in this spectral region (see dip in the spectrum in Figure 9b). The )

14 o
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at =36 cm”

osition of the second feature at -9 cm'l
f

in the ﬁi spectrum corresponds fto
the origin of the benzenef(‘o_)3 cluster (compare with Figs 11 and 12) and

thus is ascribed to dissociation of this cluster giving rise to o« signal in
the benzene(roz)z mass o Pronounced change of the relative intensity

nf this han! with varving the {onization energy confirms this assignment

In agreement with the experimental observation. two ground state mint

mum energy cluster geometries, simi’ar to those found for benzene(N,), cluster

{shown in Fig. 7) are osliulated The binding energiess are -1716 em ! and
-1955 em”! for the isutvopic and anisotropic clusters. respectively, The -22
cm_1 shifted origin in the twou spectra is assigned to the isotropic cluster,
whereas the 2 cm ! shifted origin in the Og spectrum is assigned to the
anisotropic cluster. As can be seen from the comparison of the relative
intensities in Fig. 9a. the concentration of the isotropic cluster in the
supersonic molecular jet is larger than the concentratjion of the anisotropic
cluster. The intensity of the peak ascribed to the :nisotropic cluster can bhe
diminished by increasing the ionization energy. T! behavior of the ben-
zene(C0,), cluster is thus very similar to the one reported above for the
benzenP(N2)2 cluster.
C. Benzene(co)a.
Four cluster geometries (one isotropic and three anisotrvopic) are

calculated for the benzene(CO), cluster with the binding energies -1284 em !

and -1580 cm'l, -1601 cm~! and -1697 cm—l. respectively.

The Bé spectrum of the benzene(C0), cluster (Fig 10) is, different

from the spectra of analogous clusters with Nz and CO,. The spectrum is

: . . . . - -1
relatively weak and exhibits four distinct features at -36 ecm™*,

- -1 . . .
em™! and -88 ¢m * with respect to the benzene origin. The strongest feature

1 probably corresponds to the isotropic calculated cluster geometry

P M L e ey I




which is found to accur with the largest probnbiliryj7 The other features .&
may be assigned to the other three calculated anisotropic cluster geometries

The broad background in the spectrum is likely due to dissociation of
higher order clusters hut cannot he entirely eliminated by lowering the fon %
ization enerzy.  This may fndleate that some of the peaks in the spectrum are e
due to dissociation ot oo clngtors instead of heing inherently related tg -

the benzeie(C0), clusters Yivher order clusters of henzene with €0  re not, 't

. . A1
however, detecterd in *hose xoeriments. o'

VI. LARGE CLUSTERS - TRANSITION ENERGY SHIFTS. 5“
Except for the henzenelCO5ls cluster spectrum shown in Fig. 11, spectra N
of large clusters are not detected in the Og region. The benzene 08 transi- P

tion is cluster symmetry induced and thns s not expected to be intense for iy

low concentrations of specific clusters. One origin shifted by -9 em”!

is e
observed in the 07 spectrum of the benzene(CO,l, ¢! 'ster.

The Sé spectri of bhenzene solvated by up to  Ight N, molecules and X
seven C0, molecules are shown in Figs. 12 and 13, respectively. Progressive b
transition energy shifts teward lower energies with increasing cluster size
are observed for the large clusters. One rather broad peak dominates the %
spectra of Ny clusters. whereas spectra of progressively larger €Oy clusters N
are also generally broad but do show some structure on a broad background.
The €0, cluster spectra are in addition somewhat obscured by a pronounced dip b
due to the saturation of the mass detector by ionized nonclustered henzene "
molecules. Plots of an average cluster transition energy shift as a function g~
of cluster size are given in Fig. 14. A linear dependence of the energy shift %
on the cluster size is observed for n>2. Addition of each solvent molecule
thus causes a similar perturbation of the benzene transition once the first

two solvent molecules are attached. For clusters with seven and eight nitro- 8
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. .
gen molecules, the change in transition energy shift seems to be slightly ;
smaller, possibly due to a gradually weaker interaction of the solvent mole- .

culeé with the aromatic : cloud of benzene as the cluster size increases. i'
The aboave results suggest that the cluster shifts are not entirely v

saturated by one solven! molecule on each side of the aromatic ving, as is Ai

found for benzene-alkane’ and ‘olnene-alkane? clusters. Larger shifts still g

W

arise with addition of more than two molecules indicating that several solvent :é
molecules may effectively interact with benzene. This is certainly the case t&

}

for the solute-solvent systems studied here for which the sizes of linear E

Lt

solvent molecules are relatively small compared to benzene. The N2 clusters _ﬁ

'

with benzene exhibit larger energy shifts than the corresponding clusters of ?

€0y, even though the CO, molecule has a relatively larger polarizability. The %

X increase of the energy shift with cluster size is also larger for benZune(Nz)n .%
‘ than for benzene(coz)n. This is probably due to the smaller size of the Ny b
i molecule and thus a better spatial packing of nitr. <n around the benzene and %
concomitant stronger jinteraction with the electric - c¢loud. ‘ g

Many solvent molecules effectively interact with benzene and contribute S

to the cluster transition energy shift in large clusters. Since only one g

) rather broad feature is observed in the large cluster spectra, the spectral 5
¢
energy differences between various cluster configurations must be relatively "
small. Comparison of the spectra of benzene(Ny) clusters with the spectra of g

o

benzene(COZ)n clusters suggests that the Ny clusters exhibit fewer and more 3
unique orientations than the €Oy clusters;spectra of Ny clusters show one ?
relatively narrow peak, while those of C02 are broader and have some structure ﬁ

on the main background. This difference may be due to the larger size of the -i

£

C0, as compared to N, Calculations of the possible large cluster geometries ?

are presently being carried out in ovrder to confirm this interpretation. 2

"a

;

"
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Preliminary results indicate that clusters with more than two solvent mole- 'ﬁ
cules exhibit a large number of local potential energy minima differing it
slightly in cluster binding energy. The number of local minima increases with ¢:'
the cluster size. o

If large clusters are to serve as potential models of condensed phase 4
systems, gas to cluster energy shifts must be explored and compared with those aﬁ
of condensed phase solutions. The liargest energy shifr obscrved in our exper- "ﬂ
iments for benzene(N2)” clusters s cd. -42 cm'l for a cluster with eight N2 W,

molecules. A shift of about 30 em !

is measured!® for benzene dissolved in ¥
supercritical nitrogen fluid (in the gas phase) at a fluid density of ca. 220 ,ﬁ
kg m‘s (at T = 295 K and P = ca. 300 bar). This shift increases with increas- Wi
ing fluid density (pressure) due to forced érowding of the solvent around the
solute so that more molecules effectively interact with benzene. In the la
liquid phase and high density (luid phase the energy shift increases up to - 9,
180 cm™! due to the additional interaction of nitroeen molecules forced to g
crowd about the benzene molecule at its periphery. sﬁ

Based on the comparison of henzene(NZ) cluster shifts with the super- O

n
critical nitrogen fluid results, one concludes that in the low density conden- éﬁ
sed phase "solvation" of benzene takes place mostly about the 7 system and not

at the more repulsive C-H periphery positions. This latter type of solvation

must be forced, however, in high density fluids and the liquid state. e

4
VII.  NUCLEATION. o
The nucleation process for small vdW clusters can be largely understood

only if various spectral features can be ascribed to specific cluster geo-

metries. Two basic types of nucleation can be distinguished: homogeneons
nucleation in which solvent molecules are added to the solute molecule oar
cluster one molecular at a time; and inhomogeneous nucleation in which more

18
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than one solvent molecule is added to the solute or cluster dat a given time. ‘ g
ts

Relative intensity data for clusters of benzene and toluene with hydrocarbon ’!
iy

solvents has led to the conclusion that solvent molecules exist in the super- w2
>
sonic expansion in the form of dimers or larger aggregates and that isotropic }qﬁ
'

benzene(solvent )2 clusters e homoveneonsly aucleated and anisatropic -
) ) 1.2 . . ; Y
¢lusters are inhomogeneously nucicated. Whether homogeneous nucleat ton ﬂh
'."‘||
(isotropic clusters) or inhomogeneous nucleation (anisotropic clusters) drises ?;g
)
deperds on the relative size of the solvent dimer binding energy (Ed} with ,Q‘
O
5!
S . et

respect to the solute-solvent (cluster) binding energy (F.) in the cluster. ﬂq:
The smaller the binding energy of a solvent dimer compared to the binding 5&
(X

energy of the cluster, the higher the concentration of isotropic clusters. !!
u_:.g-

Inhomogeneous nucleation is found to predominate for small clusters of lLenzene &k
(2
"
. . “.“
is relatively t

and toluene with two hydrocarbon solvent molecules because Ed’E

e

£2

C

=
2

large (0.3 - 0.8 depending on the solvent).

£

=

oot
x5

T

The binding energies of No and CO2 dimers at, however, quite small:

(LX)

1

- -

s

2130 em~! and -442 cm 1, respectively. As shown in Table V the Ej4 E_ value

[ Y
-

for the bPﬂZPnP(NZ)z and benzene(C02)2 clusters is only 0.15 and 0.23, respec-

)
o

-

o S

tively., This clearly favors homogeneous nucleation and formation of isotropic

ra

clusters, since solvent dimers can easily be dissociated with very little X
excess energy. Our spectra confirm this implication because in all cases 2
studied the peak ascribed to isotropic benzene(solvent)2 clusters is much more te
intense than the peak due to anisotropic clusters. This effect is especially
strong in the case of N, clusters for which Eq/E. is small. 4

Clusters larger than benzene(solvent), are most likely formed by W
inhomogeneous nucleation. First, larger solvent clusters have larger binding :sf
energy. High solvent aggregate binding energy favors inhomogeneous nuclea- "

tion. Comparison of the calculated solvent dimer and trimer binding enerpices U
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given in Table V shows an almost threefold increase of the solvent aggregate
binding energy (Ea) for the trimer with respect to the dimer. At the same
time only a twofold increase of the cluster binding energy takes place for the
henzene (snlvent,)2 cluster compared to the benzene (snlvent)1 cluster which
results in an increase of the E, 7, ratio with the increase of cluster size.
This strongly favors inhomogeneos- qucleation for large benzene(solvent),
clusters. Second, as the cluster prows in size the number of bonds over which
to disteibute the binding =nergy ol the collision partner increases greatly.
and thus the ability of the cluster to dissipate the added binding energy

increases.

VIII. CONCLUSIONS.

Two color time of flight mass spectroscopy has been employed to study
small and large clusters of benzene with nitrogen, carbon monoxide, and carbon
dioxide created in a supersonic malecular jet. Pnt antial energy calculations,

normal coordinate and internal rotational analyses ! :ve been employed for the

assignment of the Og and G; spectra nf the benzene(svlvent),; clusters. Geo-
metries of small clusters (n=1,2) have been computer calculated and assigned
to experimental spectra. Transition energy shifts for bhoth small and large
clusters with up to eight solvent molecules are investigated for the first
time as a function of cluster size. The following major conclusions emerge
from this study:

1. The calculated cluster binding energies scale well with the solvent
polarizabilities; the larger the polarizability the higher the binding energy

2. The cluster spectral shifts depend on the solute-solvent geometry
~ad interaction but are less dependent on solvent polarizability. The depend-
ence of the energy shift on the cluster geometry is found to be less prominent

than in our previcus studies of benzene-alkane clusters. Both red and blue
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cluster energy shifts are observed and the additive energy shift rule for the )
.l

"i

isctropic benzene-solvent clusters does not apply in general for the clusters M
studied. %'
3. Analysis of the rotational and vibrational motions within the k}
henzene(suivent)l clusters mikes possible the assignment of the rotational and N
vidW vibrational modes in the spect.a. Both interrnal rotation modes of the )
solvent molecule rotating around the solute-solvent bond axis and vdW vihra- g
tions are active in the h~uzwn»fsnlvwnt)l cluster spectra and must be K
accounted for. All three solvent molecules studied rotate nearly freely "

around the benzene-solvent bond axis. The spectra are well assigned assuming Ve

no barrier to rotation in the ground state (free rotor) and a small ca. 20 ﬂ’
em barrier to rotation in the ex: ted state (slightly hindered rotorj. The N
solvent rotational axis for these linear diatomic and t..atomic molecular %)
solvents is oriented along the benzene-solvent bond and thus little or no )
barrier for the internal rotation exists. 'Q

4. The benzene(solvent), vdW vibrations obs-rved are those involving "
bending motions parallel to the benzene molecular plane (bx and by). a &
stretching motion along the solute-solvent bond (Sz)' and a torsional motion
(ty). The t, motion is not present because of the free rotation around the z 3
axis.

5. Differences pertaining to energy shifts, intensity distribution and 0
appearance of the rotational and vdW modes are found between the 08 and 6% Wy
cluster spectra. These differences arise mostly from different selectinn ﬁi
rules: the origin is allowed at the 63 transition but forbidden at the 02. ﬁ

. . . . e \
Consequently, relatively weak internal rotational mode structure is identifieii h

in the 08 spectra but is difficult to distinguish in the Gé spectra which are Q

dominated by a strong origin and associated vdW vibratioas




4,0

A

¥

6. Large vdW ¢ lusters of up to ejght N2 molecules dand seven COQ
molecules solvating benzene are observed for the first time. One rather broad

cluster feature dominates the spectra. A linear energy shift to the red with

increasing cluster size is found The cluster shifts are not saturated by one
solvent molecule on each side of the aromatic ring as was {ound previons.  for
small benzene-alkane clusters This may be due to the relatively small size

of the solvent molecules

7. Homogeneous nucleation 1s tound to dominate the formation of smaill
benzene{solvent), clusters.  This is due 1o a very small solvent dimer binding
energy with respect to the cluster hinding energy. In large clusters the
ratio of the solvent aggregate binding energy to the cluster binding energy
and the number of ways to share the binding energy between the cluster honds
increase considerably; hence, inhamogeneous nucleation may be favored in the

formation of large clusters
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TABLE 1 h

Rovibronic and nuclear spin selection rules. 0
+ and - stand for an allowed and forbidden transition, respectively, It

Transitions not indicated are completely forbidden. !

Cluster Molecular Possible Selection Rules Ol
Symmetry Transitions Rovibronic Nuclear Spin )

. o] 1 } C',
Group Oo 6, ::!,

al - al - + - [
benzene(Nz)l (-‘Zg - Pzg + + - '.‘,
& Gs al - + - . (N

24

benzene(C02)2 e1u T €y . . _ -

el - b2 - - _

al - al - + +

-—-

y .’18(C0)l G12 al - 82 + - . ’.:
el Aaind el + * + f"
b2 - b2 - - .

ey «~ b, + + . AT
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Assignments of the 08 and Sé benzenp(Nz)] cluster spectra.

TABL

I

Transition Experimental
Region Peak Positions
(Relative to
cluster origin)

-1
cm °

Value

cm”

Calculated
Rotational
Transitions

Assignment

Calculated f
vdW Vibrations L

Value
cmo

Assignment Pyt

0
0g -1

(Fig. 3a) )
(38,122 em™ ']

492g

292g

292g

4e2g

Oalg

292g

Oalg

292g
Oalg
2e2g
492g
Zezg
4e2g

ooy

31

46

62:60

32

41

(Fig. 3b) 67
(38,602 cm™ 1]
106

25

32

292g

4e2g

e,

23

K3

46

61:60

102

-
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TABLE [ o’

1

Assignments of the 03 and 60

benzene(COZ)l

rlnster spectra shown in Fig. 4. N

Transition Experimental Calculated Calenlated .
Region Peak Positions Rotational vdW Vibrations 4
(Relative to Transitions N

cluster origin) dﬁ

» Valge Assignment Valge Assignment o

cmo- cm cm

-6 -7 2e,g - Oa1g - o

-1 -1 292g -2

o]
00 1 1 492g
(Fig. 4a) 7 6 Oay, = 2e,, - o
17 19 2e - Je - '!.l
- 2 2 .
[38.085 cm™ 1] & & -
26 Oa]g - }(Ezg ',";‘

(1%
w

w
w
1
w
n
w
o]
o

65 - 72.70 " osoiht Ko

1
64 16 19 292g 4“2g

(Fig. 4b) 28 26 Oa1g - 492g -

51 - 35 b
(38,612 cm~!]

63 - 71:.70 S‘;b

70 - 70:76 bw4;b 4 )

A . .. 4,4
« d v ‘e L7 ] d £}
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TABLE IV

Assignments of the 08 and 6& benzene (CO),
cluster spectra shown in Fig. 6.

Transition Experimental Calculated Calculated
Region Peak Positions Rotational vdW Vibrations
(Relative to Transitions
cluster origin)
Value Assignment Value Assignment
cm™! em™! em”!

-23 -24 4e2 - 2e2 -

-15 -16 3b2 - Oal -

-8 -8 2e2 - Oa1 -

02 0 -1 2e, ~ 2e, -

(Fig. 6a) 0 0.5 3b2 - 3b2 -

0 1 4e, ~ le -
- 2 -2

{38,110 cm 1

10 7 Oa1 - 262
10 11 Oa1 - 3b2 14 b

23 24.5 2e, « de

Oal 482

. .
ORI BN



TABLE IV - Continued...2 of 2.

NN

Transition Experimental Calculated Calculated
Region Peak Positions Rotational vdW Vibhrations
(Relative to Transitions
cluster origin)

P TR R

Value Assignment Value Assignment
em” ! cm ! em” !

(Fig. 6b)

(38,592 cm™ 1]
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Figure 1

Figure 2

Figure 3
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FIGURE CAPTIONS

Calculated ground state minimum energy configuration (a) and
eigenvalues and eigenvectors of the vdW modes (b-f) for bhen-

zene(Na)l. Rigid cluster symmetry is taken to be Coy

Energies of the internal rotational levels of the N, molecule in
the benzene(N,), cluster calculated with B = 1.917 cm™! as a

function of a Vg potential barrier. The symmetries of the free

1

rotor rotational levels at 0 cm -, in order of increasing energy,

are Oalg' lelu, 2e2g. 3b2u. 4e2g, Selu, 6alg and 7€y

Two color TOFMS of the benzene(Nz)l ciuster in the 08 (a) and

Gé (b) regions. The internal rotational (continuous line) and
vdW vibrational (dashed line) transitions are calculated as
described in the text with the potential barrier in the excited
state Vg (Sl) = 20 em” L. The 0 energy in the Og spectrum corres-
ponds to the~calcu1ated position of the forbidden origin. The
intensities in the calculated spectra are chosen arbitrarily in
agreement with the experimental spectra. Specific assignments
are given in Table II. The arrows indicate positions of the Og

(38086.1 cm™l) and 63 (38608.5 cm~l) transitions in bare benzene.
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Figure 4

Figure 5

Figure 6

Figure 7

TR U R W W M T S R T N T W L T R T e T

Two color TOFMS of the benzvnetfn2)1 cluster in the 08 (a) and 63
(b) regions. Calculated spectra (\’6 (Sl) = 16 cm'l) consist of
rotat ional (continuous line) and vdW vibrational (dashed line)
transitions The 9 energy corresponds to the calculated position
of the forbidden origin. Specific assignments are given in Table
[TI. The arrows indicate corresponding benzene transitions (see
caption for Fig. 3). The dip to the left of the origin inb is
due to the saturation of the mass detector by ionized benzene

molecules.

Calculated ground state minimum energy configuration for the
benzene(CO0)y cluster. The rigid cluster symmetry is Cg-  The vdW
vibrations are very similar to those stown in Fig. 1 for the
benzene(Ng)1 cluster with the selectio:. rules given in section

IT1.A. The solid line indicates the C0 rotational axis.

Two color TOFMS of the benzene(CO)I cluster in the 08 {a) and Sé
(b} regions. Specific assignments of both experimental and cal-
culated spectra are shown in Table IV. The arrow indicates the

benzene origin (compare Fig. 3).

Calculated ground state minimum energy configurations of

benzene(N2)2 clusters: isotropic {a) and anisotropic (b).
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Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14
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Two color TOFMS of benzene(N2)2 clusters taken at two Jdifferent

1

ionization energies: 37270 em ! (upper) and 36550 cm ' (lower).

)

o transition of benzene at 38608.5 cm’y

0 covresponds to the g
The most intense peak in the spectrum is assigned to the iso-

tropic cluster

o

The benzene(C0,), two color TOFMS at 08 {a) and Gé (b) transi-

tions. The scale s relative to the benzene transitions.

Two color TOFMS of the benzene(CO)2 cluster at Gé. The scale is

relative to benzene Gi transition.
Two color TOFMS of the benzene(C02)3 "aster in the 08 region

The Gé two color TOFMS of the benzene(),), clusters. The spectra
are numbered according to the number of N2 molecules in the
cluster. O corresponds to the benzene 6; transition at

38608.5 cm ).

The Gé two color TOFMS of the benzene(CO,), clusters. The
numbers reflect the number of CO2 molecules in the cluster. The

scale is analogous to that of Fig. 12.

Clusters transition energy shifts plotted as a function of the
cluster size. The error bars indicate uncertainty due to the

broadness of the spectral features.
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